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A series of lanthanide complexes Ln(tfnb)3dafone, Ln(hfth)3dafone and Ln(pfnd)3dafone (Ln = Er, Nd
and Yb) with fluorinated-ligand 1-(2-naphthyl)-4,4,4-trifluoro-1,3-butanedionate (Htfnb), 4,4,5,5,6,6,6-
heptafluoro-1-(2-thienyl)hexane-1,3-dione (Hhfth) and 4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-pentadecafluoro-
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1-(naphthalen-2-yl)decane-1,3-dione (Hpfnd) served as main sensitizers, respectively, and 4,5-
diazafluoren-9-one (dafone) as the synergistic ligand were synthesized. Upon excitation at the maximum
absorption of the ligands, the complexes all show the characteristic near-infrared (NIR) luminescence of
the corresponding Ln3+ ions, which is due to efficient energy transfer from the ligands to the central Ln3+

ions via an antenna effect. Moreover, an indirect excitation model is proposed and the influence of ligands
ertie
IR-luminescence

ntenna effect

on the luminescence prop

. Introduction

Ligand-sensitized, near-infrared (NIR) luminescent lan-
hanide(III) complexes are of considerable importance due to their
nique photophysical properties [1], especially their application

n optical amplifiers (such as Er-based emission) [2,3], in laser
ystems (such as Nd-based emission) [4], and in fluoroimmuno-
ssays (such as Yb-based emission) [5]. One challenge in this field
s to design of sensitizing ligands which can provide effective
ntramolecular energy transfer from the coordinated ligands to the
entral lanthanide ions, via an “antenna effect”. Since Weissman
rst reported the light-emission characteristic of a lanthanide
-diketone complex in 1942 [6], numerous lanthanide complexes
ith �-diketone ligands have been studied in detail due to their

xcellent luminescence properties.
Another beneficial effect of the organic ligands is to prevent

ater from binding the first coordination sphere that may quench
he luminescence efficiently [7–9]. Furthermore, the replace-
ent of C–H bonds with lower-energy C–F oscillators in the
-diketone ligand is able to lower the vibration energy of the lig-
nd, which decreases the energy loss caused by ligand vibration
nd enhances the emission intensity of the lanthanide ion [10,11].

∗ Corresponding author. Tel.: +86 431 85262127; fax: +86 431 85698041.
E-mail address: hongjie@ciac.jl.cn (H.-J. Zhang).

010-6030/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jphotochem.2010.06.019
s of the complexes is further discussed.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

Therefore, fluorination of hydrogen-containing ligands, together
with exclusion of coordinated water of the lanthanide complex,
can increase the lifetime of NIR-luminescence of the lanthanide
complex [12].

Herein, in order to provide a further understanding of the
effect of aromatic C–F substitution of the ligand on the pho-
tophysical properties of Er(III), Nd(III) and Yb(III) complexes,
the ligands, 1-(2-naphthyl)-4,4,4-trifluoro-1,3-butanedionate
(Htfnb), 4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hexane-1,3-dione
(Hhfth) and 4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-pentadecafluoro-1-
(naphthalen-2-yl)decane-1,3-dione (Hpfnd) are served as primary
sensitizers for complexes Ln(tfnb)3dafone (abbreviated as Ln1),
Ln(hfth)3dafone (abbreviated as Ln2) and Ln(pfnd)3dafone (abbre-
viated as Ln3), in which the ligand 4,5-diazafluoren-9-one (dafone)
acts as the synergistic ligand (Ln = Er, Nd and Yb). The complexes
were characterized by Fourier Transform Infrared (FT-IR) spectra,
diffuse reflectance (DR) and photoluminescence spectroscopy. In
addition, an indirect excitation model is proposed and the antenna
effect of the lanthanide complexes is discussed in detail.

2. Experimental
2.1. Materials and characterization

Erbium oxide (Er2O3, 99.99%), neodymium oxide (Nd2O3,
99.99%) ytterbium oxide (Yb2O3, 99.99%) and gadolinium

ghts reserved.

dx.doi.org/10.1016/j.jphotochem.2010.06.019
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:hongjie@ciac.jl.cn
dx.doi.org/10.1016/j.jphotochem.2010.06.019


d Phot

o
i
1
w
1
4
a
C
f
p

i
D
4
F
n
a
s
o
a
w
r
(
a
l
m
P
1
O
c
o
a

2

d
8
d
2
t
c
fi
d
r
9
f
7
7

2

d
m
u
a
t
2
o
f
fi
p
(
C
N

S. Dang et al. / Journal of Photochemistry an

xide (Gd2O3, 99.99%) were purchased from Yue Long Chem-
cal Plant (Shanghai, China). Sodium metal (≥98%, A.R.) and
,10-phenanthroline monohydrate (phen·H2O, 99%, A.R.)
ere bought from Beijing Fine Chemical Co. (Beijing, China).

-(2-naphthyl)-4,4,4-trifluoro-1,3-butanedionate (Htfnb),
,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hexane-1,3-dione (Hhfth),
nd 2′-acetonaphthone (98%) were purchased from Acros Organics
o. (Geel, Belgium), and pentadecylfluoropropionate (98%) was

rom Aldrich. All these reagents were used directly without further
urification.

The CHN elemental analyses were carried out on a Var-
oEL analyzer. The NMR spectra were recorded on a Bruker
RX 400 spectrometer. FT-IR spectra were measured within a
000–400 cm−1 region on an American BIO-RAD Company model
TS135 infrared spectrophotometer with the KBr pellet tech-
ique. DR measurements were recorded at room temperature
t a SHIMADZU UV-3600 spectrophotometer. The fluorescence
pectra were measured on a Horiba Jobin Yvon Fluorolog-3 flu-
rescence spectrophotometer, equipped with a 450 W Xe-lamp
s the excitation source and a monochromator iHR320 equipped
ith a liquid-nitrogen-cooled R5509-72 PMT as detector. The time-

esolved measurements, were done by using the third harmonic
355 nm) of a Spectra-physics Nd:YAG laser with a 5 ns pulse width
nd 5 mJ of energy per pulse as the source, and the NIR-emission
ines were dispersed by a HORIBA Jobin Yvon emission monochro-

ator iHR320 equipped with liquid-nitrogen-cooled R5509-72
MT, and the data were analyzed with a LeCroy WaveRunner 6100
GHz Oscilloscope. The luminescence lifetime was calculated by
rigin 8.0 software package. The low-temperature phosphores-
ence spectrum of the Gd(pfnd)3(H2O)2 complex was measured
n a Hitachi F-4500 spectrophotometer at liquid-nitrogen temper-
ture (77 K).

.2. Synthesis of the ligand dafone

Ligand dafone was synthesized according to the proce-
ure described in the reference [13]. 1,10-phenanthroline (16 g,
8 mmol) and potassium hydroxide (16 g, 288 mmol) were
issolved in 1000 mL water. Potassium permanganate (40 g,
56 mmol) was added in 600 mL water and heated to dissolve and
hen added slowly into the hot solution mentioned above. After
ompleting the addition, the solution was refluxed for 3 h and
ltered hot. The cool filtrate was extracted with chloroform and
ried over anhydrous MgSO4. The crude product was purified by
ecrystallization from dichloromethane to give 4,5-diazafluoren-
-one (6.8 g, 43% yield) as yellow-colored needles. Anal. Calcd.
or C11H6N2O: C, 72.52%; H 3.32%; N, 15.38%; O, 8.78%. Found: C,
2.31%; H 3.40%; N, 15.42%; O, 8.69%. 1H NMR (CDCl3, 400 MHz) ı
.33, (2H, q), 7.96 (2H, q), 8.77 (2H, q). GC–MS: 182.

.3. Synthesis of the ligand Hpfnd

Ligand Hpfnd was synthesized according to the procedure
escribed in the reference [14] with a minor modification. The
odified method of a typical Claisen condensation procedure was

sed as follows. Metal sodium thread (0.345 g, 15 mmol) was
dded into dry anhydrous ethanol (30 mL). The reaction mix-
ure was stirred for 15 min at room temperature, after which
′-acetonaphthone (1.720 g, 10 mmol) and pentadecylfluoropropi-
nate (5.560 g, 10 mmol) were added. The mixture was then stirred
or 48 h at room temperature. The resulting mixture was acidi-

ed to pH 2-3 by using hydrochloric acid (2 M solution). The white
recipitate was collected and dried at 50 ◦C under vacuum for 4 h
4.11 g, 71% yield based on 2′-acetonaphthone). Anal. Calcd. for
16H9F7O2: C, 42.42%; H, 1.60%. Found: C, 42.50%; H, 1.48%. 1H
MR (DMSO, 400 MHz) ı 7.16, (1H, s), 7.65 (1H, td), 7.71 (1H, td),
obiology A: Chemistry 214 (2010) 152–160 153

8.03 (1H, d), 8.06-8.11 (2H, m), 8.15 (1H, d), 8.87 (1H, s), 12.38
(1H, broad).

2.4. Synthesis of complexes Ln1 to Ln3

The LnCl3 (Ln = Er, Nd, Yb and Gd) ethanol solution was pre-
pared by dissolving the corresponding Ln2O3 in concentrated
hydrochloric acid (HCl). The products were dissolved with anhy-
drous ethanol. The concentration of the Ln3+ (Ln = Er, Nd, Yb and
Gd) ions was determined by titration with a standard ethylenedi-
aminetetraacetic acid (EDTA) aqueous solution.

In the typical synthesis, Ln1 (Ln = Er, Nd and Yb) was prepared as
follows: 3 mmol Htfnb and 1 mmol dafone were dissolved in anhy-
drous ethanol at room temperature, then 1 M sodium hydroxide
solution was added dropwise to the solution to adjust the pH to
neutral. 1 mmol LnCl3 in ethanol solution was then added to the
mixture under stirring. The mixture was heated to reflux for 6 h. The
precipitates were collected after filtration and dried at 70 ◦C under
vacuum overnight. Yield: 65% (based on Ln3+ ion). The syntheses of
complexes Ln2 and Ln3 were similar to that of Ln1, except Hhfth
or Hpfnd were used instead of Htfnb, respectively. The complexes
were recrystallized from ethanol.

Elemental analysis: For Er1, Calcd.: C, 55.45%; H, 2.88%; N, 2.44%.
Found: C, 55.61%; H, 2.47%; N, 2.75%. For Nd1, Calcd.: C, 56.58%;
H, 2.94%; N, 2.49%. Found: C, 56.89%; H, 2.58%; N, 2.30%. For Yb1,
Calcd.: C, 55.16%; H, 2.86%; N, 2.43%. Found: C, 55.50%; H, 2.64%;
N, 2.21%. For Er2, Calcd.: C, 37.41%; H, 1.60%; N, 2.13%. Found: C,
37.67%; H, 1.85%; N, 2.37%. For Nd2, Calcd.: C, 38.08%; H, 1.63%;
N, 2.17%. Found: C, 38.27%; H, 2.34%; N, 2.34%. For Yb2 Calcd.: C,
37.24%; H, 1.59%; N, 2.12%. Found: C, 37.47%; H, 1.71%; N, 2.32%.
For Er3, Calcd.: C, 41.62%; H, 1.61%; N, 1.37%. Found: C, 41.80%;
H, 1.84%; N, 1.54%. For Nd3, Calcd.: C, 42.09%; H, 1.63%; N, 1.38%.
Found: C, 42.29%; H, 1.87%; N, 1.62%. For Yb3, Calcd.: C, 41.50%; H,
1.61%; N, 1.36%. Found: C, 41.76%; H, 1.85%; N, 1.59%.

2.5. Synthesis of Gd(pfnd)3(H2O)2 complex

0.9 mmol of Hpfnd was dissolved in anhydrous ethanol at room
temperature, and 0.3 mmol GdCl3 ethanol solution was then added
to the mixture under stirring. The mixture was heated to reflux
for 6 h. The white powder was filtered and washed with ethanol.
The product was dried at 60 ◦C under vacuum overnight. For
Gd(pfnd)3(H2O)2, Calcd.: C, 38.08%; H, 1.64%; N, 1.48%. Found: C,
38.27%; H, 1.87%; N, 1.34%.

3. Results and discussion

3.1. FT-IR and DR spectra

The chemical structure of the complexes Ln1 to Ln3 is out-
lined in Scheme 1. The FT-IR spectra of the Er1 to Er3, as shown
in Fig. 1, would be discussed as examples of the complexes. For all
the Er-complexes, bands appearing in the range of 400–438 cm−1

correspond to �Er-O vibrations and the peak at 515 cm−1 can
be observed, which should assigned to a �Er-N vibration. It
offers evidence the coordination bonds were formed between
erbium and dafone, and erbium and tfnb, hfth, and pfnd, respec-
tively [15]. Strong carbon–fluorine bands appear from 1000 to
1300 cm−1 [16].

The DR spectra of Er1, Er2 and Er3 are shown in Fig. 2(left), of
Nd1, Nd2 and Nd3 are shown in Fig. 3(left), and of Yb1, Yb2 and Yb3

are shown in Fig. 4 (left), respectively. The spectra all exhibit broad
absorption bands in the range from 200 to 400 nm, which could cor-
respond to electronic transitions from the ground-state level (�) S0
to the excited level (�*) S1 of the organic ligands [17]. In the region
above 400 nm in these figures, each absorption band corresponds
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Scheme 1. Chemical structur

Fig. 1. The FT-IR spectra of Er1, Er2 and Er3.

Fig. 2. The DR spectra of Er1, Er2 and Er3 (left). The energy level diagrams of Er3
es of Ln1, Ln2 and Ln3.

to the characteristic transition between two spin-orbit coupling
levels of the lanthanide ion (see the right pictures of Figs. 2–4,
respectively). Based on the energy level scheme of each ion, these
bands can be assigned to the transitions from the ground levels
4I15/2, 4I9/2 and 2F7/2 to the higher energy levels for the Er, Nd and
Yb-complexes, respectively [18,19].

3.2. Antenna effects

Lanthanide �-diketone complexes exhibit intense emissions
when UV irradiation, due to the effective intramolecular energy
transfer from the coordinating ligands to the central lanthanide
ions, which in turn undergo the corresponding radiative emitting
process, called “antenna effect”. It exhibits in spectrum as the over-
laps between the excitation spectrum of resulting complex and the

absorption spectra of the corresponding ligands [20,21]. The Er1,
Er2 and Er3 complexes will be taken as examples to discuss the
antenna effect. The excitation spectrum of the Er1 complex (mon-
itored at 1540 nm) and the absorption spectra of ligands (tfnb and
dafone) are shown in Fig. 6 (A). The overlaps between the exci-

+ ion (right). The transitions of the bands (nm) are shown by using arrows.
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Fig. 3. The DR spectra of Nd1, Nd2 and Nd3 (left). The energy level diagrams of Nd
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ig. 4. The DR spectra of Yb1, Yb2 and Yb3 (left). The energy level diagrams of Yb3+

on (Right). The transitions of the bands (nm) are shown by using arrows.

ation band of Er1 and the absorption bands of ligands (tfnb and
afone) can been observed clearly, which indicates that central Er3+

on in Er1 complex can be efficiently sensitized by the ligands (tfnb
nd dafone), an antenna effect [22–24]. Additionally, Förster model
25,26], which considers the overlap between the emission spec-
rum of the donor and the absorption spectrum of the acceptor,
s essential to energy transfer phenomenon. It is observed from

ig. 5(B) that there are overlaps between the absorption spectrum
f ErCl3 in ethanol and the emission spectra of ligands (tfnb and
afone), which suggests that both tfnb and dafone ligands can sen-
itize the luminescence of the central Er3+ ion [27,28]. Meanwhile,

ig. 5. (A) The excitation spectrum for Er1 as solid state (a, monitored at 1540 nm), absorp
f tfnb (a, excited at 395 nm) and dafone (b, excited at 452 nm) at 5 × 10−4 M in ethanol. A
o a constant intensity at the maximum.
3+ ion (right). The transitions of the bands (nm) are shown by using arrows.

it is also worth noting that the overlap between the excitation
spectrum of Er1 complex and the absorption spectrum of tfnb lig-
and is much larger than that between the excitation spectrum of
Er1 complex and the absorption spectrum of dafone ligand, which
suggests that the antenna effect of tfnb is more efficient than
that of dafone for the central Er3+ ion. Consequently, we come
to the conclusion that the intramolecular energy transfer in Er1
complex mainly occurs between tfnb ligand and the central Er3+

ion [29].
It is suggested from Fig. 6 (or Fig. 7) that the central Er3+ ion in

the Er2 (or Er3) complex can be sensitized by both hfth (or pfnd)
and dafone ligands through an antenna effect, and hfth (or pfnd)
are a more efficient sensitizer than dafone for the luminescence of
the central Er3+ ion. Comparison with Fig. 5 (or Fig. 7), in Fig. 6 it is
interesting to notice that the overlap between the hfth ligand and
the Er2 complex is larger than that between the tfnb (or pfnd) ligand
and the corresponding complex Er1 (or Er3), which may imply the
antenna effect of hfth ligand on the central Er3+ is more efficient
than those of ligands tfnb and pfnd. And a better intramolecular
energy transfer from the hfth ligand to the central Er3+ ion in the
Er-complex can be expected. Considering the area of the overlaps
between ligand and its corresponding complex being an important
factor for the luminescence intensity of the complex, it can be pre-
dicted that the hfth ligand can sensitize the Er3+ ion more efficiently
taining hfth ligand may have the strongest luminescence intensity,
while the Er3 complex with pfnd ligand have the second stronger
intensity and the luminescence of the Er1 complex with tfnb ligand
is the weakest [29].

tion spectra of tfnb (b) and dafone (c) at 5 × 10−4 M in ethanol. (B) Emission spectra
bsorption spectrum of ErCl3 at 5 × 10−4 M in ethanol (c). All spectra are normalized
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ig. 6. (A) The excitation spectrum for Er2 as solid state (a, monitored at 1539 nm), a
f hfth (a, excited at 416 nm) and dafone (b, excited at 452 nm) at 5 × 10−4 M in etha
o a constant intensity at the maximum.

.3. Luminescence properties

In the excitation spectra of Er1, Er2 and Er3 complexes (Fig. S1),
road bands ranging from 260 to 505 nm are observed, which can
e assigned to the absorption of the organic ligands alongside with
ome excitation bands originating from the characteristic absorp-
ion transitions of the Er3+ ion. These f–f transitions can be assigned
o 4I15/2 → 4F5/2 (451 nm), 4I15/2 → 4F7/2 (488 nm), 4I15/2 → 2H11/2
521 nm) and 4I15/2 → 4S3/2 (545 nm) of the Er3+ ion. It is worth
oting that these absorption transitions are weaker than those of
he ligands, which proves that luminescence sensitization via exci-
ation the ligands is much more efficient than direct excitation
f the Er3+ ion. Similarly, Fig. S2 exhibits the excitation spectra
f three Nd-complexes, broad bands ranging from 240 to 555 nm
re observed which is assigned to the absorption of the ligands.
t is also observed some small bands arising from f–f absorption
ransitions of the Nd3+ ion in the excitation bands. The bands cor-
espond to 4I9/2 → 4G9/2 (513 nm), 4I9/2 → 4G7/2 + 2K13/2 (526 nm)
nd 4I9/2 → 2G7/2 (581 nm) of the Nd3+ ion. These absorption tran-
itions are weaker than those of the ligands, which confirms that
uminescence sensitization by excitation the ligands is much more
fficient than the direct excitation of the Nd3+ ion. The excita-
ion spectra of Yb1, Yb2 and Yb3 were obtained by monitoring
he characteristic emission of the Yb3+ ion at 983 nm (Fig. S3). The

xcitation spectra are dominated by a broad band ranging from
40 to 550 nm for three complexes, which due to the absorption
f the organic ligands and are in agreement with those in the DR
pectra (Fig. 4).

ig. 7. (A) The excitation spectrum for Er3 as solid state (a, monitored at 1540 nm), absorp
f pfnd (a, excited at 394 nm) and dafone (b, excited at 452 nm) at 5 × 10−4 M in ethanol. A
o a constant intensity at the maximum.
tion spectra of hfth (b) and dafone (c) at 5 × 10−4 M in ethanol. (B) Emission spectra
bsorption spectrum of ErCl3 at 5 × 10−4 M in ethanol (c). All spectra are normalized

The NIR-emission spectra of Er1, Er2 and Er3 complexes were
obtained upon excitation of the ligands (�ex = 395 nm), as shown
in Fig. 8. In the three curves, the emission bands cover large
spectra ranges extending from 1450 to 1635 nm, with the emis-
sion maximal all located at 1540 nm. The obtained emissions are
attributed to the typical 4I13/2 → 4I15/2 transition of the Er3+ ion. The
Er-complexes are particularly interesting for application in ampli-
fication since the transition around 1540 nm is in the right position
for the third telecommunication window [30,31]. It is also noticed
that there is a little difference among the emission intensities of the
Er-complexes containing different fluorinated ligands (tfnb, hfth
and pfnd), which indicates ligands may have some influences on the
luminescence intensity of the complexes [32,33]. The Er2 complex
containing hfth ligand has the strongest luminescence intensity
and the broadest band, which may be attributed to the most effi-
cient intramolecular energy transfer from hfth ligand to the central
Er3+ ion, followed with the Er3 complex with pfnd ligand, and the
Er1 complex with tfnb ligand has the weakest intensity. This phe-
nomenon is in agreement with the discussion in the part of antenna
effect, as shown in Figs. 5–7.

Upon excitation of the ligand absorption band at 395 nm, char-
acteristic NIR-luminescence of the Nd3+ ion was obtained for Nd1,
Nd2 and Nd3 complexes (shown in Fig. 9). The emission spectra of
the Nd-complexes consists three bands around 884 nm, 1065 nm,

and 1340 nm, corresponding to the f–f transitions 4F3/2 → 4I9/2,
4F3/2 → 4I11/2 and 4F3/2 → 4I13/2, respectively. The strongest emis-
sion is observed around 1065 nm, while the emissions at 884 and
1340 nm are weaker. The profiles of the emission bands and the

tion spectra of pfnd (b) and dafone (c) at 5 × 10−4 M in ethanol. (B) Emission spectra
bsorption spectrum of ErCl3 at 5 × 10−4 M in ethanol (c). All spectra are normalized
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Fig. 8. Emission spectra of Er1, Er2 and Er3 complexes (�ex = 395 nm).

elative intensity of the Nd3+ luminescence for the Nd-complexes
re in agreement with previously reported spectra of organic Nd-
omplexes [34,35]. The strongest emission around 1065 nm is
otentially applied to the laser system, while the emission band at
340 nm offers the opportunity to develop new materials suitable
or optical amplifier operating at 1.3 �m [36,37].

Fig. 10 displays the emission spectra of the Yb complexes by
xciting at 395 nm. The emission spectra all show the characteris-
ic emission bands for Yb3+ ion at 983 nm, which are assigned to the
F5/2 → 2F7/2 transition. It is clearly shown that the emissions are
ot a single sharp band but a covering of bands ranging from 910
o 1130 nm arising at lower and higher energies [38]. Similar split-

ing has been reported previously [30,39], which can be attributed
o the splitting of the emitting levels as a consequence of ligand-
eld effects [27]. The simple f–f energy level structure of the Yb3+

on made it important in laser emission, since there is no excited-
tate absorption on reducing the effective laser cross-section, no

Fig. 9. Emission spectra of Nd1, Nd2 and Nd3 complexes (�ex = 395 nm).

able 1
uminescence lifetimes of the complexes as solid states.

Complexes Lifetimes (�s) Complexes

Er1 2.00 Nd1
Er2 2.26 Nd2
Er3 2.08 Nd3
Fig. 10. Emission spectra of Yb1, Yb2 and Yb3 complexes (�ex = 395 nm).

up-conversion, no concentration quenching and no absorption in
the visible range. The intense Yb3+ ion absorption lines are well suit-
able for laser diode pumping in this range and the smaller stokes
shift (about 650 cm−1) between absorption and emission reduces
the thermal loading of the materials during laser operation [40].
Moreover, Yb3+ emission occurs in the NIR region (around 1000 nm)
where biological tissues and fluids (e.g. blood) are relatively trans-
parent, and development of Yb3+ complexes for various analytical
and chemosensor applications is really promising, such as probe
for fluoroimmuno-assays and in vivo applications [41,42].

Upon excitation at 395 nm and monitored around the most
intense emission lines (at 1540 nm for Er3+ ion, at 1065 nm for
the Nd3+ ion and at 983 nm for the Yb3+ ion, respectively), the
luminescence lifetimes have been recorded in order to explore
the coordination environment around the lanthanide ions in these
complexes. The results fit well with monoexponential decays
(Table 1), indicating that a unique and consistent coordination envi-
ronment is present around the lanthanide ions [25]. It is clear that
the lifetimes of the Ln2 complexes with the hfth ligand are the
longest ones, followed with those of the Ln3 complexes containing
the pfnd ligand, and the Ln1 complexes of the tfnb ligand have the
shortest lifetimes (Ln = Er, Nd and Yb). It is reasonable to deduce that
the hfth ligand can transfer the energy most efficiently to the central
ions in the corresponding complexes, which is in good agreement
with antenna effect mentioned above.

3.4. Intramolecular energy transfer

Direct excitation is demanding because the lanthanide ions are
characterized by very low absorption coefficient due to the strictly
parity forbidden of f–f transitions in the lanthanide ions. It has to
form lanthanide complexes with organic ligands which strongly

absorb light in the UV region and transfer the energy from the triplet
states of the ligands to the resonance levels of the 4fn configuration
of the lanthanide ions. Due to the strong absorption within a large
wavelength range, the �-diketones are one of the most popular lig-
ands for lanthanide ions and consequently have been targeted to

Lifetimes (�s) Complexes Lifetimes (�s)

1.21 Yb1 8.77
1.69 Yb2 10
1.26 Yb3 10
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cheme 2. Model for the main intramolecular energy transfer process (left) and
nergy diagram of the 4f levels of the Er3+, Nd3+ and Yb3+ ions (right).

ensitize the lanthanide luminescence efficiently [43–47]. More-
ver, the ability of the �-diketones and the lanthanide ions to form
dducts is strong, and the resulting lanthanide complexes are stable
nough for practical usage. In our case, the characteristic emissions
f Ln3+ ion are obtained upon excitation at the maximum absorp-
ion of organic ligands in the complexes, which indicates that the
rganic ligands can shield the lanthanide ions from their surround-
ngs well and are able to transfer the absorbed energy to the central
n3+ ions, via an antenna effect. This is in agreement with the exci-
ation results mentioned above. Therefore, a model is proposed to
epresent the indirect excitation process (see Scheme 2). Firstly,
he ligands absorb the energy and are excited from the singlet S0
round state to the singlet S1 excited state. Then the energy in the
1 state is transferred to the triplet excited state of the ligands via
he intersystem-crossing, and followed by the relaxation from the
pper 4f levels to the first excited states of the Ln3+ ions, resulting

n the emission of the sensitized Ln3+ ions.
Scheme 2 depicts a detailed scheme of the energy transfer pro-

ess of the Ln3+ (Ln = Er, Nd and Yb) ions. For the Er-complexes
hown in Fig. 8, the emission bands centered at 1540 is assigned to
he 4I13/2 → 4I15/2 transition of the Er3+ ion. It means that through
ntramolecular energy transfer process the excitation energy is
ransferred from the ligands to the 4f levels of the Er3+ ions, fol-
owed by the relaxation from the upper 4f levels to 5F5 and 5I6 first
xcited states of the Er3+ ions, and then decays to 4I13/2 with emis-
ions of 1540 nm. The energy transfer process of the Nd-complexes
s displayed in Fig. 9. The obtained band at 884, 1065 and 1340 nm
an be assigned to the 4F3/2 → 4I9/2, 4F3/2 → 4I11/2 and 4F3/2 → 4I13/2
ransitions of Nd3+ ions, respectively. Firstly, the ligands absorb the
nergy and transfer it to the 4f levels of the Nd3+ ions through an
ntramolecular process. Then a relaxation to 4F3/2 level happens,
ollowed by decay to 4I9/2, 4I11/2 and 4I13/2 exhibiting emissions at
84, 1065 and 1340 nm, respectively. For the Yb-complexes, the
b3+ ion has the advantage for the laser emission because of its
imple energy level scheme, consisting of only two levels, the 2F7/2
round state and the 2F5/2 excited state. The obtained characteristic
and at 983 nm is attributed to the 2F5/2 → 2F7/2 transition of the
b3+ ion (Fig. 10).

According to the Dexter’s theory [48], the energy difference
etween the resonance level of the Ln3+ ion and the triplet state

f the ligand is crucial for efficient energy transfer. If the energy
ap is too big, the overlap between the donor and the accepter
ill diminish, and finally the energy transfer rate constant would
ecrease sharply. In contrast, if the energy gap is too small, there
Fig. 11. The phosphorescence spectrum of Gd(pfnd)3(H2O)2 complex at 5 × 10−4 M
in DMF (�ex = 342 nm) at 77 K after a delay time of 1 s.

will be an energy back-transfer from the Ln3+ ions to the resonance
levels of the triplet states of the ligands. The triplet state energy lev-
els of tfnb and hfth is 19,700 and 20,400 cm−1, respectively [49]. The
triplet state energy level of pfnd is 19,724 cm−1 found by examining
the phosphorescence spectrum of the Gd(pfnd)3(H2O)2 complex in
DMF solution at 77 K (see Fig. 11) [50,51]. The ligands can match
well with the 4f levels of the Er3+ ion, Nd3+ ion and the Yb3+ ion,
and obtain an efficient NIR-luminescence of the corresponding lan-
thanide ion. It is also known that the water molecules in the first
coordination sphere of the complexes can deactivate the excited
vibration manifold [52,53]. Therefore, the second ligand, dafone,
was introduced in our lanthanide complexes, in order to effectively
saturate the first coordination sphere of lanthanide ions and pro-
tect the central lanthanide ions against the water molecules that
may quench the luminescence. Also, the second ligands can absorb
excitation energy and transfer the energy to the excited states of
the central ions. The combination of both ligands has essentially
complementary absorption spectra in the UV region and effectively
sensitizes over a wide wavelength range followed by transferring
the energy to the central Ln3+ ions.

It is believed that, to some extent, the differences in the ligand
structure have influence on the luminescence behavior of the corre-
sponding complexes. It was reported that longer fluorinated alkyl
chains produce a shell effect due to the larger steric bulk of the
bigger ligands [54], resulting a more suppression of the quench-
ing effects, such as O–H, to the luminescence of the complex. In
our case, three �-diketones including tfnb, hfth, and pfnd with dif-
ferent functional groups were selected to synthesize the desired
complexes. The emission intensity sequence of these complexes is
I (Ln2) > I (Ln3) > I (Ln1). The results suggest that the introduction
of longer fluorinated alkyl chains in the ligands, such as hfth, pfnd,
are able to enhance the efficiency of energy transfer from the lig-
ands to the central Ln3+ ions, resulting in the improvement of the
emission intensity [55,56]. The most likely reason of the differences
in the emission intensity between Ln2 and Ln3 may be due to the
differences between the thienyl substituent in the hfth ligand and
the naphthyl group in the pfnd ligand [57]. The thienyl group in
the hfth ligand may contribute to form a larger conjugated system,
where a better energy transfer would be encouraged.
4. Conclusions

Nine new ternary lanthanide complexes Ln1, Ln2 and Ln3
(Ln = Er, Nd and Yb) have been synthesized based on the
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uorinated-ligand tfnb, hfth and pfnd as main sensitizers, respec-
ively, and dafone as the synergistic ligand. The DR spectra and
hotophysical properties of the complexes have been investigated.
e have demonstrated the characteristic NIR-luminescence of

he corresponding lanthanide ions upon excitation of the ligand
bsorption bands, mediated by the sensitizing effect of the lig-
nds in the complexes, known as the antenna effect. The broadband
mission around 1.5 �m for the Er-complexes, 1.3 �m for the Nd
omplex and 1 �m for the Yb-complexes could have great potential
pplications in optical amplifiers, laser systems and fluoroimmuno-
ssays, respectively. The Ln2 complexes with hfth ligand have the
trongest luminescence intensities because of the most efficient
ntramolecular energy transfer from the hfth ligand to the cen-
ral Ln3+ ions. In addition, an indirect excitation model is proposed
nd antenna effect of the lanthanide complexes is discussed in
etail. We found the structures of ligands have certain influences
n the luminescence properties of complexes. This ligand feature
s particularly important in the design of NIR-emitting lanthanide
omplexes and further work is in process.
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